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1.  Introduction 


Actuation  in  microscale  devices  has  been  demonstrated  in  our  group  and  by  eollaborators  using 
heat  and  chemieal  stimuli/”^  Optieal  actuation,  unlike  eleetrical,"^’^  pneumatic, or  fluidic 

o 

actuation  ,  circumvents  the  requirements  for  wires,  pneumatie  lines,  or  various  eomplex  tethers, 
and  does  not  require  bulky  onboard  power  systems. 

9—17 

Current  optieal  actuation  methods  suffer  from  one  or  more  of  the  following  limitations: 
requiring  high  irradianee  intensity  (>1  W/cm  ),  long  actuation  times  (>10’s  to  lOO’s  of  seeonds), 
or  bulk  materials  not  easily  amenable  to  lithographie  patterning  or  other  standard 
microfabrication  techniques.  Optical  actuation  based  on  residually  stressed  thin-fllm  metal 
actuators  like  those  reported  here  ean  overcome  the  above  limitations,  making  this  a  praetieal 
and  relevant  actuation  mechanism.  Previous  work  has  demonstrated  optieal  aetuation  with 
532-nm  laser  irradianee  as  low  as  0.6  W/em  .  The  mieroswiteh  deviee  diseussed  in  this  report  is 
currently  single  use,  but  shape  memory  alloys  like  those  based  on  titanium  niekel  (TiNi)^^’^*^  or 
other  materials  eould  allow  for  the  design  of  reversible  or  multi-use  actuators. 

The  following  seetions  deseribe  the  design  and  fabrication  of  our  strain-powered 
mieroeleetromeehanieal  system  (MEMS)  switeh.  Seetion  1 . 1  eovers  the  switeh  design  and 
funetionality,  and  introduces  a  stress  model  used  to  design  the  residually  stressed  thin-fllm 
hinges.  Section  1 .2  details  the  fabrieation  proeess  and  Seetion  1 .3  eovers  the  eleetrical 
eharaeterization  methods  used  to  probe  the  deviees.  Seetion  2.1  deseribes  the  results  obtained  for 
deviee  eleetrieal  eharaeterization.  Seetion  2.2  details  the  fabrieation  challenges  eneountered  and 
the  design  and  proeess  ehanges  that  resulted.  We  draw  eonclusions  in  Section  3  and  include  two 
proeess  sheets  to  deseribe  our  two  main  fabrieation  approaehes  in  the  Appendiees. 

1.1  Design 

The  switch  devices  were  designed  in  AutoCAD  with  variations  in  hinge  length  and  width.  Eaeh 
switeh  eontained  three  hinges  based  on  thermally  evaporated,  residually  stressed  films.  Two 
hinges  were  designed  to  fold  up — at  a  “hip”  joint  and  an  “ankle”  joint — while  a  eenter  hinge  was 
designed  to  fold  down  at  a  “knee”  joint  and  make  electrical  contact  with  an  electrical  line.  The 
folding  up  of  the  “ankle”  was  designed  to  insure  good  eontaet  over  the  entire  area  of  the  switeh 
“foot.”  The  switehes  were  fabrieated  on  a  silicon  (Si)  wafer  using  mierofabrieation  teehniques. 

A  final  polymer  layer  was  designed  to  prevent  the  switeh  from  triggering  until  activated  by  an 
optieal  souree.  As  eovered  in  past  reports,  ’  a  laser  eould  heat  the  polymer  to  a  eritieal 
temperature  of  60  °C,  soften  the  polymer  layer,  and  in  this  design  allow  the  pre-stressed  layer  to 
eleotrieally  eonneet  two  eleetrieal  traces  and  elose  the  circuit.  The  “hip”  joint  was  not  eovered 
with  the  polymer  trigger  layer,  so  that  the  switeh  would  release  upward  after  a  Si  dry  eteh  with 
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xenon  difluoride  (XeF2).  This  release  step  allowed  a  physical  clearance  between  the  switch  and 
electrode  line,  which  could  be  maintained  until  activated. 

In  order  to  determine  suitable  switch  dimensions,  thin-film  thicknesses,  and  deposition  sequence, 
we  used  a  previous  multilayer  beam  bending  model  ’  to  predict  fold  angles  given  a  choice  of 
practical  switch  dimensions  and  layer  thicknesses.  Figure  1  shows  the  calculated  fold  angles  for 
the  “fold-up”  stack  of  10/120/50/10  nm  chromium  (Cr)/gold  (Au)/Cr/Au  (blue);  and  “fold-down” 
stack  of  10/120  nm  Cr/Au  (red).  This  stack  is  advantageous  for  at  least  two  considerations: 

1)  a  common  base  layer  of  Cr/Au  is  shared  among  the  fold-up  and  fold-down  hinges;  and 

2)  sufficient  folding  is  predicted  for  relatively  short  hinges  (e.g.,  45°  at  a  25-pm  hinge  length). 
The  Au  layer  was  used  in  initial  process  runs  involving  an  electroplating  process  step  in  which  a 
conductive  Au  base  layer  was  required.  Process  runs  using  only  lift-off  and  no  Au  plating  did  not 
require  this  Au  layer.  Figure  1  shows  a  predicted  fold  angle  between  20°  and  50°  for  hinges 
ranging  between  10  and  40  pm  in  length.  Three  design  knobs  used  for  obtaining  desired  folding 
are  thus  fdm  thickness,  deposition  sequence,  and  hinge  length. 
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1,2  Fabrication 

We  fabricated  devices  over  10  process  iterations  resulting  in  26  wafers  in  total,  characterized  by 
two  general  fabrication  approaches.  In  the  first  fabrication  approach,  depicted  in  Fig.  2,  due  to 
the  use  of  multiple  evaporation  layers  and  the  use  of  Au  plating  to  define  rigid  segments  between 
each  hinge  section,  we  used  ion  milling  to  pattern  many  of  the  features.  The  second  approach, 
shown  in  Fig.  3,  simplified  the  fabrication  process  by  removing  the  Au  plating  steps,  and 
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Calculated  fold  angles  for  a  fold-up  stack  of  10/120/50/10  nm  Cr/Au/Cr/Au  (blue) 
and  a  fold-down  stack  of  10/120  nm  Cr/Au  (red).  This  stack  is  advantageous  for  at 
least  two  considerations;  1)  a  common  base  layer  of  Cr/Au  is  shared  among  fold-up 
and  fold-down  hinges  and  2)  significant  folding  is  predicted  for  relatively  short 
hinges  (i.e.,  45°  at  25  pm). 
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replacing  the  ion  mill  steps  with  acetone-based  lift-off.  We  were  able  to  perform  lift-off  since  an 
An  base  layer  was  no  longer  required  for  the  Au  electroplate  step. 
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Fig.  2  Process  flow  for  MEMS  switch  version  1  with  electroplated  Au  frames;  a)  lift-off 
contacts,  b)  lift-off  sacrificial  Si,  c)  blanket  evaporate  Cr/Au  fold-down  layer, 
d)  lift-off  Cr/Au  fold-up  layer,  e)  electroplate  Au  frames,  f)  wet  etch  or  ion  mill, 
g)  develop  1 827  resist  hinge,  and  h)  XeF  2  dry  etch  Si  to  release  the  switch 
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Fig.  3  Process  flow  for  MEMS  switch  version  2 
without  electroplated  Au  frames;  a)  lift-off 
contacts,  b)  lift-off  sacrificial  Si,  c)  lift-off 
Cr/Au  fold-down  layer,  d)  lift-off  Cr  fold-up 
layer,  e)  develop  resist,  and  f)  dry  etch  release 
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In  Fig.  2a,  we  deposited  100-200  nm  Au  eontacts  using  the  Evatee  evaporator  and  patterned  the 
Au  eontacts  through  lift-off.  In  Fig.  2b,  we  deposited  200-400  nm  of  sacrificial  Si  using  the 
Evatee  evaporator  and  patterned  the  sacrificial  layer  with  lift-off.  In  Fig.  2c,  we  used  the  physical 
vapor  deposition  (PVD)  evaporator  to  blanket  deposit  70  nm  of  Cr  and  150  nm  of  Au  nominally 
as  the  fold-down  layer.  In  Fig.  2d,  we  evaporated  200  nm  of  Cr  and  50  nm  of  Au  nominally  as 
the  fold-up  layer  and  patterned  through  wet  etching  or  ion  milling.  In  Fig.  2e,  we  electroplated 
Au  rigid  sections  or  frames  ranging  in  thickness  from  0.25-4  pm  through  patterned  photoresist. 
In  Fig.  2f,  we  used  wet  etching  or  ion  milling  to  pattern  the  switch.  In  Fig.  2g,  we  spin  coated 
and  developed  1827  photoresist  over  the  hinges.  In  Fig.  2h,  we  performed  XeF2  dry  etch  of  the 
sacrificial  Si  to  release  the  switch  at  the  hip  joint. 

The  MEMS  switch  shown  in  Fig.  3  was  fabricated  using  fewer  steps.  In  Fig.  3a,  we  deposited 
100-200  nm  Au  contacts  using  the  Evatee  evaporator  and  patterned  the  Au  contacts  through  lift¬ 
off  method.  In  Fig.  3b,  we  deposited  200-400  nm  of  sacrificial  Si  using  the  Evatee  evaporator 
and  patterned  the  sacrificial  layer  with  lift-off.  In  Fig.  3c,  we  evaporated  200  nm  of  Cr  and 
50  nm  of  Au  nominally  and  patterned  it  through  lift-off  as  the  fold-down  layer.  In  Fig.  3d,  we 
evaporated  200  nm  of  Cr  and  50  nm  of  Au  nominally  as  the  fold-up  layer  and  patterned  it 
through  lift-off.  In  Fig.  3e,  we  spin  coated  and  developed  1827  photoresist  over  the  hinges.  In 
Fig.  3f,  we  performed  XeF2  dry  etch  of  the  sacrificial  Si  to  release  the  switch. 

1,3  Electrical  Characterization  Methods 

Device  characterization  was  performed  with  a  4-point  probe  station,  using  a  Keithly  power 
supply  in  4-sense  configuration  mode.  A  current  was  supplied  across  the  microswitch  and 
voltage  was  probed,  which  allowed  the  Keithly  unit  to  simultaneously  record  a  reading  for 
resistance.  Probing  was  performed  at  10-100  mA  DC,  with  voltage  threshold  set  to  2  V  max.  In 
characterizing  the  switches,  an  infinite  resistance  indicated  an  open  circuit,  which  was  the  case 
for  released  devices. 


2.  Results  and  Discussion 


2,1  Electrical  Characterization 

As  shown  in  Fig.  4,  the  resistance  of  as-fabricated  devices  ranged  from  100-170  ohms  and 
between  20-60  ohms  after  30,  60,  and  90  cycles  of  dry  etch.  Switch  resistance  dropped  to 
approximately  40  ohms  after  30  cycles  of  XeF2  etching  and  remained  unchanged  after  60  and 
90  cycles.  This  measurement,  in  conjunction  with  visual  observation  that  the  test  cantilevers 
released,  confirmed  that  the  sacrificial  Si  was  etched  away  after  30-60  cycles.  In  each  process 
run,  we  used  a  10-nm  Ti  adhesion  layer  prior  to  evaporating  the  400-nm  sacrificial  Si  layer.  After 
dry  etching,  the  10-nm  Ti  adhesion  layer  remained  over  the  Au  contact,  which  likely  contributed 
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to  the  higher  resistanees  measured  for  these  deviees.  In  future  proeesses,  we  eould  most  likely 
reduee  this  adhesion  layer  thiekness  to  achieve  smaller  resistances  for  switched  devices. 


Fig.  4  Switch  resistance  vs.  number  of  cycles  of  the  XeF  2  etch  from  devices  corresponding  to  a  fabrication  run 
carried  out  using  the  ion  mill  patterning  steps  and  electroplating 

Switch  resistance  never  indicated  an  open  circuit  in  these  tests,  because,  as  suggested  by  Fig.  5, 
fully  open  switches  were  prevented  by  an  edge  anchoring  problem  due  to  insufficient  tolerance 
between  designed  layer  features.  Figure  5  shows  a  scanning  electron  microscopy  (SEM)  image 
of  a  switch  after  dry  etching  for  60  cycles  corresponding  to  the  measurements  reported  in  Fig.  4 
and  a  fabrication  run  carried  out  using  the  ion  mill  patterning  steps  and  electroplating.  This  SEM 
shows  that  although  the  switches  being  probed  appeared  to  be  released  in  the  region  between  the 
electrical  contacts,  as  indicating  by  slight  bending  in  the  upward  and  downward  directions  in  the 
hinge  regions  designed  to  bend  in  those  directions,  the  rightmost  contacts  were  anchored 
throughout  the  electrical  measurements.  This  problem  and  its  remedy  are  discussed  in  the  next 
section.  Still,  we  used  these  results  as  a  quantitative  method  to  verify  that  the  sacrificial  Si  layer 
was  removed  and  the  switches  were  released,  despite  the  fact  that  they  were  partially  anchored  in 
the  wrong  place. 
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Fig.  5  SEM  of  a  dry  etched  switch  device  corresponding  to  resistance 
measurements  presented  in  Fig.  4. 

2,2  Fabrication  Challenges 

Each  fabrication  run  revealed  problems  that  ultimately  required  both  major  and  minor  design 
changes  for  subsequent  process  runs.  Saerificial  Si  adhesion  issues  early  on  allowed  us  to 
determine  that  a  10-nm  Ti  adhesion  layer  was  neeessary  prior  to  Si  evaporation  in  the  Evatee 
evaporator.  Hinge  anehoring  after  dry  etehing  required  an  extension  of  the  saerifieial  Si  layer 
through  AutoCAD  redesign  and  mask  rewrites.  Both  of  these  are  examples  of  minor  proeess 
ehanges  that  we  initiated  throughout  the  switeh  development.  More  signifieant  proeess  ehanges 
implemented  were  deseribed  previously  in  Eigs.  2  and  3,  and  ineluded  eomplete  removal  of  some 
proeess  steps  sueh  as  ion  milling  and  wet  etehing  and  replaeing  them  with  lift-off  patterning.  In 
the  paragraphs  that  follow,  we  detail  the  proeess  evolution  that  ensued  from  the  diseovery  of 
design  or  fabrieation  ehallenges  from  eaeh  fabrieation  run. 

Our  initial  proeess  iterations  involved  a  blanket  metal  evaporation  of  residually  stressed  Cr/Au 
fdms,  followed  by  photoresist  patterning  and  wet  etching  using  dilute  4:1  deionized  (DI) 
water:CR-9  for  Cr,  and  dilute  4:1  DI  water:GE-8I48  with  KI  surfaetant  for  Au.  Wet  etehing 
undereut  the  switeh  features,  removing  signifieant  amounts  of  the  thin  films  required  to  actuate 
the  switches.  Multi-step  wet  etehing  also  showed  poor  seleetivity,  resulting  in  non-seleetive 
etehing  of  the  Au  eleetrieal  eontaets  that  were  lifted  off  in  the  previous  step.  Eigures  6  and  7 
show  optieal  mieroseope  and  SEM  images  of  a  switeh  after  wet-etehing,  where  wet  eteh 
undereutting  and  non-seleetive  etching  is  apparent.  The  SEM  image  makes  it  very  apparent  that 
in  the  worst  ease,  Au  eontaets  can  be  etehed  away  almost  eompletely.  The  eleetroplated  Au 
frames  were  also  attaeked  at  the  edges  from  the  wet  etehing. 
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Fig.  6  Switch  after  Cr/Au  wet-etch  process  step.  Wet  etching  undercut  the  switch  features, 
removing  significant  amounts  of  the  thin  films  required  to  actuate  the  switch.  Wet 
etching  also  showed  poor  selectivity,  resulting  in  etching  of  the  Au  electrical  contacts 
that  were  lifted  off  in  the  previous  step. 


Fig.  7  SEM  images  of  a  wet-etched  device  after  XeF  2  dry  etch,  (left)  Au  frame  is  attacked  from  wet  etch  at 

sidewalls  and  the  Au  contact  is  mostly  etched  away;  (right)  side  view,  unclear  whether  Si  is  completely 
undercut  from  the  dry  etch 

After  demonstrating  that  wet  etching  was  not  a  suitable  process  step,  we  investigated  ion  milling 
as  an  alternative  for  patterning  the  switch  features.  Therefore,  in  successive  process  iterations, 
we  patterned  the  Cr  and  Au  films  through  ion  milling  using  the  4-wave  4W-PSIBE  Ion  Beam 
Etch  System.  Eigure  8  shows  an  SEM  of  a  switch  patterned  by  ion  milling.  The  ion  milling  step 
was  superior  to  wet  etching  in  several  ways:  1)  switch  feature  undercutting  was  not  observed, 

2)  the  Au  contacts  were  left  intact,  and  3)  a  precise  switch  geometry  remained  after  the  milling. 
After  we  were  able  to  achieve  successful  patterning  of  the  switch  features  through  ion  milling, 
the  next  process  step  was  patterning  and  electroplating  Au  frames.  Eor  this,  we  included  an 
electroplate  step  in  which  a  rigid  Au  frame  between  0.25  and  4  pm  thick  was  patterned  between 
the  hinges. 
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Fig.  8  SEM  of  switch  patterned  by  ion  milling,  showing  cleaner  sidewalls  and  a  well-defined  switch 

geometry.  An  contact  lines  are  still  intact,  further  demonstrating  that  ion  milling  is  superior  to  wet 
etching.  Right:  switch  folding  after  dry  etch  release. 

Figure  9  shows  another  proeessing  challenge  that  we  encountered.  Here,  test  cantilevers  designed 
to  release  upward  after  a  dry  etch  were  only  partially  released  along  the  topmost  edge.  We 
determined  that  the  second  PVD  evaporated  layer  overshot  the  first  due  to  registration  error, 
causing  the  cantilever  to  be  partially  anchored  along  this  top  edge.  This  required  us  to  make  an 
AutoCAD  and  mask  design  revision  reducing  the  dimension  of  the  second  PVD  step  so  that  it 
did  not  overlap  the  underlying  structure  even  with  some  level  of  error  in  registration  between 
layers. 


10  [jm*  Mag  =  168X  Aperture  Size  =  30.00  |jm  Noise  Reduction  =  Line  Int.  Done 
H  WD  =  11.2mm  Stage  at  T  = -14.6  °  Signal  A  =  SE2  EHT  =  2.00  kV 


Fig.  9  Array  of  test  cantilevers  on  An  contacts  after  dry  etch  release  showing  uniform  folding 

upwards;  the  top  edge  appears  to  be  anchored  to  the  substrate,  which  necessitated  a  mask 
rewrite  after  reducing  dimensions  of  the  second  PVD  step 
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Another  fabrication  challenge  was  thin-film  hinge  shearing  at  the  contact  edge  due  to  an  abrupt 
sacrificial  Si  layer  edge.  Figure  10  shows  an  example  of  a  test  switch  that  was  sheared  upon  dry 
etch  release.  Figure  1 1  shows  that  this  shearing  is  not  observed  when  Au  contacts  are  not 
patterned  directly  beneath  the  switch  for  an  array  of  test  structures  without  such  Au  contacts 
since  there  is  no  longer  an  abrupt  step  height  in  this  case.  Figure  11a  shows  an  SEM  array  of 
60-pm  cantilevers  with  uniform  release  corresponding  to  a  metal  stack  of  10/120/50/10  nm 
Cr/Au/Cr/Au.  Figure  11b  shows  uniform  dry  etch  release  of  40-pm  cantilevers  with  Au 
electroplated  on  the  end.  The  inset  shows  a  magnified  view  representing  the  array  of  released 
switches  without  Au  contact  underneath.  Figure  lie  shows  released  SEM  array  of  test  devices 
without  the  Au  contact  underneath.  The  inset  shows  a  higher  magnification  view  representative 
of  the  test  structure  array.  Eigure  lid  shows  a  single  dry  etch  released  test  device  exhibiting  the 
desired  folding  for  our  residually  stressed  switch  from  the  ion  milling  and  electroplating  process. 
Figure  12  shows  a  full  switch  that  sheared  upon  dry  etch  release  from  the  electroplating  and  ion 
milling  process.  To  attempt  to  overcome  this  shearing  issue,  we  reduced  the  Au  contact  thickness 
from  200  to  100  nm,  and  increased  the  sacrificial  layer  thickness  to  400  nm  in  order  to  smooth 
out  the  step  height  profile.  We  also  introduced  quality  checks  to  ensure  that  resist  is  developed  in 
these  regions. 


Fig.  10  Problems  encountered  during  the  lift-off  process  run;  underdeveloped  resist  causing  the  switch  to  be 
anchored  (left),  thin-film  shearing  at  the  contact  edge  (right),  and  thin-film  edge  anchoring  (right). 
Geometry  design  changes  were  made  to  correct  for  these  issues  in  subsequent  process  runs. 
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Fig.  1 1  SEM  array  of  dry  etch  released  cantilevers  and  test  structures  minus  the  Au  contact  line  showing  that 

hinges  do  not  shear  without  the  Au  contact  underneath,  a)  60-|im  released  cantilevers  of  10/120/50/10  nm 
Cr/Au/Cr/Au,  b)  40-(rm  released  cantilevers  with  0.25-|im  electroplated  Au,  c)  and  d)  dry  etch  released 
test  switches  without  a  contact  line  underneath. 


2|jm  1.17KXScanRotation  =  359.0''  Aperture  Size  =  30  00  pm  Date  ;7  May2014  I  2^tm  '^39=  2.19  K  X  Scan  Rotation  =  359.0  ®  Aperture  Size  =  30.00  pm  Date  :7  May  2014 

j— I  WD=16.8mm  Stage  at  T=  51.4”  Signal  A  =  SE2  EHT=5,OOkV  Noise  Reduction  =  Line  Int.  Done  I  | — -|  WD  *  16  8  mm  Stage  at  T  =  51  4  ’  Signal  A  =  SE2  EHT=5.00kV  Noise  Reduction  =  Line  Int  Done 


Fig.  12  Switch  after  dry  etching  for  60  cycles.  The  thin  film  has  sheared  at  the  Au  contact  edge.  Future  process 
runs  include  a  combination  of  thinner  contacts,  and  a  thicker  sacrificial  Si  layer  to  reduce  the  abrupt  step 
height  at  the  contact  edge  to  combat  this  issue. 
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We  eventually  realized  that  the  eleetroplated  rigid  segments  between  hinges  may  not  be 
essential,  and  therefore,  we  did  not  need  Au  eleetroplate  steps  in  subsequent  proeess  iterations. 
Without  Au  eleetroplating,  the  evaporation  of  a  base  Au  layer  also  beeame  unneeessary.  Without 
this  requirement,  we  determined  that  lift-off  eould  then  be  used  for  all  patterning  steps  in 
mierofabrieating  the  switeh.  The  latest  switeh  proeess  as  depleted  in  Fig.  3  was  mueh  simpler  to 
fabrieate,  resulting  in  quieker  fabrieation  turnaround  while  eliminating  steps  prone  to  eausing 
issues.  Figure  13  shows  a  fabrieated  switeh  patterned  using  only  lift-off  following  the  proeess 
depleted  in  Fig.  3,  although  the  shearing  problem  was  still  evident.  For  this  partieular  fabrieation 
run  we  reverted  to  thinner  hinges  to  obtain  better  folding.  Hinges  here  were  190  nm  thiek  in  the 
fold-up  hinge.  The  Au  eontaets  were  120  nm  and  Si  was  400  nm.  As  a  result  of  a  reduetion  in 
film  thiekness,  we  run  into  the  shearing  problem  again. 

A  good  result  with  the  deviees  in  Fig.  13  was  that  hinge  folding  angles  were  relatively  elose  to 
those  predieted  by  the  model.  For  a  hinge  length  of  20  pm  for  this  partieular  film  staek,  a  25° 
fold-up  angle  is  predieted  by  the  model.  In  reality,  the  aetual  fold  appears  to  be  45°,  whieh  is 
somewhat  near  the  predietion.  The  predieted  fold  down  for  a  20-pm  hinge  is  35°,  whieh  is  also 
somewhat  near  the  aetual  fold  down  of  45°  here.  One  key  model  input  over  whieh  we  have  less 
eontrol  is  the  aetual  film  residual  stress,  whieh  may  aeeount  for  some  of  the  diserepaney  here. 
However,  it  does  appear  that  the  switeh  needs  a  larger  folding  radius  in  the  fold-down  ankle 
region  in  order  to  make  eontaet  with  the  line  out.  This  will  be  addressed  in  future  proeess 
iterations. 


Fig.  13  Switch  patterned  using  only  lift-off  after  dry  etch  release 

Figure  14  shows  released  Cr/Au  eantilevers  from  the  lift-off  only  proeess,  eorresponding  to  a 
fabrieation  run  using  the  10/120/50/10  nm  Cr/Au/Cr/Au  deposition  sequenee  reported  above. 
Cantilevers  of  10,  30,  and  60  pm  are  shown,  demonstrating  folding  angles  of  20°,  90°,  and  180°, 
respeetively,  where  the  60-pm  eantilevers  have  eurled  baek  on  themselves.  This  is  in  eomparison 
to  the  model,  whieh  prediets  folding  angles  of  20°,  40°,  and  60°  for  the  Cr/Au/Cr/Au  staek  of 
10/120/50/10  nm  and  given  hinge  lengths.  Therefore,  we  see  good  agreement  between  the 
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predicted  fold  and  actual  fold  for  this  particular  stack  for  hinges  that  are  20  pm  or  less.  The 
agreement  becomes  considerably  worse  for  hinges  longer  than  20  pm,  with  actual  cantilevers 
folding  more  than  predicted  by  the  model.  However,  since  we  obtain  practical  folding  angles 
with  just  10-20  pm  hinge  lengths,  there  is  no  requirement  for  hinges  longer  than  this;  especially 
since  these  longer  hinges  have  been  shown  to  curl  back  onto  themselves. 


Fig.  14  SEM  of  released  Cr/Au/Cr/Au  cantilevers  from  the  lift-off  only  fabrication  run.  Cantilever  lengths  of 
a)  10  (tm,  b)  30  |im,  and  c)  60  (tm. 

Figure  15  shows  SEM  images  for  fully  released  switches  from  the  lift-off  only  process.  Here,  we 
were  able  to  demonstrate  both  fold-up  and  fold-down  joints,  as  well  as  a  full  switch  with 
complete  release.  The  fold-up  stack  for  these  devices  is  10/120/50/10  nm  Cr/Au/Cr/Au 
corresponding  to  a  thin-film  thickness  of  about  200  nm.  For  this  process  run,  Au  contacts  were 
reduced  from  200  nm  to  100  nm  and  the  sacrificial  Si  layer  was  400  nm  from  the  previous  runs. 
This  adjustment  appears  to  have  smoothed  out  the  contact  edge  enough  to  allow  for  complete 
release  of  the  switch.  However,  the  fully  released  switch  does  not  make  contact  with  the  line  out. 
This  switch’s  15-pm  fold-up  hinge  creates  more  than  enough  clearance,  but  the  15-pm  fold¬ 
down  hinge  does  not  provide  enough  folding  to  contact  the  line  out.  A  longer  fold-down  joint  or 
a  shorter  fold-up  joint  is  likely  necessary  in  order  to  close  the  switch.  Future  process  runs  will 
include  fold-down  hinges  longer  than  15  pm  to  obtain  a  larger  folding  radius  or  shorter  fold-up 
hinges. 

We  also  observe  that  when  folded,  switches  from  the  lift-off  only  process  exhibit  some  degree  of 
twisting.  Twisted  switches  were  not  observed  for  the  electroplated  switches,  since  the  rigid  frame 
only  allowed  the  hinges  to  bend  in  one  direction.  In  order  to  address  the  switch  twisting  in  future 
process  runs,  we  will  evaporate  thicker  rigid  Au  frames  in  place  of  the  electroplating  step  and 
pattern  them  with  lift-off.  We  will  also  investigate  different  switch  widths  to  help  ensure  that  the 
boundary  condition  along  the  fixed  edge  constrains  bending  in  one  direction,  rather  than 
allowing  bending  in  multiple  directions  as  shown.  These  improvements  should  result  in  switches 
that  fold  more  characteristically  like  those  in  Fig.  12,  as  desired. 
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Fig.  15  SEM  of  fully  released  switches  from  the  lift-off  only  process,  demonstrating  fold-up  and  fold-down 
joints 


3.  Conclusions 


We  have  reported  on  the  evolution  of  roughly  10  fabrication  runs  for  a  residually  stressed 
MEMS  switch  using  standard  microfabrication  methods,  which  collectively  involved  the 
processing  of  26  wafers.  We  discovered  process  steps  that  had  detrimental  effects  to  the  switch’s 
operation  and  have  implemented  design  changes  to  account  for  factors  affecting  the  switch’s 
operation.  We  have  taken  an  initially  rather  complex,  process-intensive  design  involving  six 
photo  masks,  lift-off,  electroplating,  and  ion  milling  and  reduced  it  to  a  process  requiring  only 
five  photo  masks  and  lift-off  as  the  only  patterning  method.  Through  a  more  simplistic 
fabrication  approach,  we  reduce  the  amount  of  issue-laden  processing  steps  and  ultimately 
demonstrate  a  fully  released  switch  with  folding  in  reasonable  agreement  to  a  thin-film  bending 
model. 

We  will  continue  development  on  the  switch  and  ultimately  plan  to  demonstrate  optical 
actuation.  Upon  successful  demonstration  of  optical  actuation  of  our  thin-film,  residually 
stressed  MEMS  switch,  we  also  plan  to  demonstrate  wavelength  specific  actuation  by  using 
photo-selective  photoresists  from  Eujifilm.  Thus,  the  choice  of  resist  will  determine  the 
wavelength  selectivity  and  sensitivity  to  illumination  levels  of  the  switch.  Simultaneous  efforts 
will  involve  the  development  of  a  thin-film  SMA  co-sputtering  process,  which  will  be  used  as  a 
switch  biasing  mechanism  to  demonstrate  reversible  actuation  of  our  MEMS  switch. 
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Passivate  Backside 

1.  Acquire  SSP  wafers 

2.  VLR,  PM2_ARL_SiN_  1  OOOA  Silane  (806s)  or  790 
Frontside  Passivation  Layer 

3.  Deposit  200  nm  Si02 
(note  tool,  proeess  details) 

Make  sure  top  side  (without  nitride)  is  facing  up  from  this  point  forward 

Contacts 

4.  Photo  1  “An  contact  vll” 

a.  EVG  5214  2  pm  recipe  (Rev) 

b.  MA-6  Hard  Contact,  20  pm  gap,  align  to  wafer 

_ s  exposure 

c.  Post-Exposure  Bake 

d.  Elood  expose  _ s 

e.  Develop _ minis 

f  Rinse 

Make  sure  thin  contact  lines  are  fully  developed  out  at  this  point  (left  contact  on  each  device) 

5.  Metroline  O2  descum  2  min 

6.  Evatec/CHA  (circle  tool  used) 

a.  Ti,  200A _ A/s 

b.  Au  1000  A _ A/s 

7.  Eift  off 

a.  acetone  with  light  sonication 

b.  Rinse  with  methanol/water 

Sacrificial  Si 

8.  Photo  2  “Sac  Si  vll_revl” 

a.  EVG  5214  2  pm  recipe  (Rev) 

b.  MA-6  Hard  Contact,  20  pm  gap,  align  to  “3” 

_ s  exposure 

c.  Post-Exposure  Bake 

d.  Flood  expose  _ s 

e.  Develop _ minis 

f.  Rinse 

g.  Metroline  O2  descum  2  min 

8.  Evatec  Evaporator 

a.  100  A  Ti 

b.  4000  A  Si  @  2  A/s 

(Collin  Becker’s  recipe  should  be  on  there) 

9.  Lift  off 

a.  acetone  with  light  sonication 

b.  Rinse  with  methanol/water 
Evaporate  stress  layers 

10.  Photo  “Mill  vll” 

a.  EVG  5214  2  pm  recipe  (Rev) 

b.  MA-6  Hard  Contact,  20  pm  gap,  align  to  “6” 

_ s  exposure 
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c.  Post-Exposure  Bake 

d.  Flood  expose  _ s 

e.  Develop _ minis 

f.  Rinse 

1 1 .  Metroline  O2  Deseum  2-3  min 

12.  PVD  evaporator  (fold-down  layer) 

a.  Cr,  100  A@2A/s,  30%PWR 

b.  Au,  1200  A  @  4  A/s 

c.  Pump  to  at  least  5e-6  Torr,  and  evaporate  Au  from  source  #4. 

13.  Lift-off 

a.  Acetone  +  light  sonication 

b.  Methanol/water  rinse 

14.  Photo  3 ’Told  Up  vll” 

a.  EVG  5214  2  um  recipe 

b.  MA-hard  contact,  20  pm  gap,  align  to  “4” 

c.  _ s  expose 

d.  Develop _ s 

e.  Rinse 

f  Metroline  O2  descum  2  min 

15.  PVD  evaporator  (fold-up  layer) 

a.  500  A  Cr  @  2  A/s,  30%  PWR 

b.  100AAu@4A/s 

16.  Lift-off 

a.  Acetone  +  light  sonication 

b.  Methanol/water  rinse 
Release 

17.  Mount  wafer  fragment  on  dicing  tape  to  protect  backside 

18.  Anatec  asher  CF4  etch  to  remove  native  silicon  oxide  ('-'15  s?) 

19.  XeF2,  Process  -  STD_2t_20t_20s,  20+  cycles.  Need  to  undercut  --20  pm 

20.  SEM  inspection 
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Passivate  Backside 

1.  Acquire  SSP  wafers 

2.  VLR,  PM2_ARL_SiN_  1 000  A  _Silane  (806s)  or  790 

Frontside  Passivation  Layer 


3.  Deposit  200  nm  Si02  (note  tool,  process  details) 

Make  sure  top  side  (without  nitride)  is  facing  up  from  this  point  forward 

Contacts 

4.  Photo  1  “An  contact  vll” 

a. 

EVG  5214  2  pm  recipe  (Rev) 

b. 

MA-6  Hard  Contact,  20  pm  gap,  align  to  wafer 

s  exposure 

c. 

Post-Exposure  Bake 

d. 

Elood  expose  s 

e. 

Develop  minis 

f 

Rinse 

Make  sure  thin  contact  lines  are  fully  developed  out  at  this  point  (left  contact  on  each  device) 

5.  Metroline  O2  deseum  2  min 

6.  Evatec/CHA  (eirele  tool  used) 

a.  Ti,  200A _ A/s 

b.  AuIOOOA _ A/s 

7.  Lift  off 

a.  acetone  with  light  sonieation 

b.  Rinse  with  methanol/water 

Sacrificial  Si 

8.  Photo2“SaeSivll_revl” 

a.  EVG  5214  2  gm  reeipe  (Rev) 

b.  MA-6  Hard  Contaet,  20  pm  gap,  align  to  “3” 

_ s  exposure 

e.  Post-Exposure  Bake 

d.  Elood  expose  _ s 

e.  Develop _ minis 

f.  Rinse 

g.  Metroline  O2  descum  2  min 

9.  Evatec  Evaporator 

a.  100  A  Ti 

b.  4000  A  Si  @  2  A/s 

10.  Liftoff 

a.  acetone  with  light  sonieation 

b.  Rinse  with  methanol/water 
Evaporate  stress  layers 

11.  Photo  “Mill  vll” 

a.  EVG  5214  2  pm  recipe  (Rev) 

b.  MA-6  Hard  Contact,  20  pm  gap,  align  to  “6” 

_ s  exposure 

c.  Post-Exposure  Bake 

d.  Elood  expose  _ s 
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e.  Develop _ minis 

f.  Rinse 

12.  Metroline  O2  Deseum  2-3  min 

13.  PVD  evaporator  (fold-down  layer) 

a.  Cr,  100  A@2A/s,  30%PWR 

b.  An,  1200  A  @  4  A/s 

c.  Pump  to  at  least  5e-6  Torr,  and  evaporate  Au  from  souree  #4. 

14.  Lift-off 

a.  Aeetone  +  light  sonieation 

b.  Methanol/water  rinse 

15.  Photo  3  Told  Up  vll” 

a.  EVG  5214  2  pm  reeipe 

b.  MA-hard  contact,  20um 
gap,  align  to  “4” 

c.  _ s  expose 

d.  Develop _ sec 

e.  Rinse 

f  Metroline  O2  descum  2  min 

16.  PVD  evaporator  (fold-up  layer) 

a.  500  A  Cr  @  2  A/s,  30%  PWR 

b.  100AAu@4A/s 

17.  Lift-off 

a.  Acetone  +  light  sonieation 

b.  Methanol/water  rinse 

Release 

18.  Mount  wafer  fragment  on  dicing  tape  to  protect  backside 

19.  Anatec  asher  CF4  etch  to  remove  native  silicon  oxide  ('-'15  s?) 

20.  XeF2,  Process  -  STD_2t_20t_20s,  20+  cycles.  Need  to  undercut  --20  um 

2 1 .  SEM  inspection 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


Au 

gold 

Cr 

chromium 

DI 

deionized 

MEMS 

mieroeleetromeehanieal  system 

PVD 

physieal  vapor  deposition 

SEM 

seanning  eleetron  mieroseopy 

Si 

silieon 

TiNi 

titanium  niekel 

XeE2 

xenon  difluoride 

24 


1  DEFENSE  TECHNICAL 
(PDF)  INFORMATION  CTR 

DTIC  OCA 

2  DIRECTOR 

(PDF)  US  ARMY  RESEARCH  LAB 
RDRL  CIO  EL 
IMAL  HRA 

1  GOVT  PRNTG  OFC 
(PDF)  A  MALHOTRA 

2  DIRECTOR 

(PDF)  US  ARMY  RESEARCH  LAB 
RDRL  SES  L 
CORY  R  KNICK 
CHRISTOPHER  J  MORRIS 


25 


Intentionally  Left  Blank. 


26 


